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Abstract

We used estimates of autotrophic respiration (Ra), net primary productivity (NPP) and
soil CO, evolution (S¢), to develop component carbon budgets for 12-year-old loblolly
pine plantations during the fifth year of a fertilization and irrigation experiment. Annual
carbon use in R, was 7.5, 9.0, 15.0, and 15.1 MgCha’1 in control (O), irrigated (I),
fertilized (F) and irrigated and fertilized (IF) treatments, respectively. Foliage, fine root
and perennial woody tissue (stem, branch, coarse and taproot) respiration accounted for,
respectively, 37%, 24%, and 39% of R, in C and I treatments and 38%, 12% and 50% of R
in F and IF treatments. Annual gross primary production (GPP = NPP + R,) ranged from
13.1 to 26.6 MgCha’l. The I, E, and IF treatments resulted in a 21, 94, and 103% increase
in GPP, respectively, compared to the C treatment. Despite large treatment differences in
NPP, Rp, and carbon allocation, carbon use efficiency (CUE = NPP/GPP) averaged 0.42
and was unaffected by manipulating site resources.

Ecosystem respiration (Rg), the sum of S¢, and above ground R,, ranged from 12.8 to
20.2 MgCha 'yr'. Sy contributed the largest proportion of Rg, but the relative
importance of S¢; decreased from 0.63 in C treatments to 0.47 in IF treatments because of
increased aboveground R,. Aboveground woody tissue Rp was 15% of Rg in C and I
treatments compared to 25% of Rg in F and IF treatments. Net ecosystem productivity
(NEP = GPP-Rg) was roughly 0 in the C and I treatments and 6.4MgCha 'yr ' in F and
IF treatments, indicating that non-fertilized treatments were neither a source nor a sink
for atmospheric carbon while fertilized treatments were carbon sinks. In these young
stands, NEP is tightly linked to NPP; increased ecosystem carbon storage results mainly
from an increase in foliage and perennial woody biomass.
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Introduction

Forests in the northern hemisphere may function as
large sinks for atmospheric carbon (Cias et al., 1995;
Schimel, 1995; Houghton et al., 1998; Tan et al., 1998).
Advances in micrometeorological methods for measur-
ing energy and mass exchange over forest canopies
have allowed relatively robust estimates of forest net
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ecosystem productivity (NEP) (e.g. Wofsy et al., 1993;
Baldocchi ef al., 1996). These studies show that annual
NEP is relatively small, an order of magnitude less than
its component fluxes: photosynthesis and ecosystem
respiration (Clark et al., 1999; Curtis et al. 2002). Because
these two processes respond differently to forest
disturbance, small changes in either may have a
significant impact on NEP. Ecosystem respiration (Rg),
the sum of autotrophic (Ra), and heterotrophic (Ryy)
respiration, plays a major role in determining whether a
forest functions as a source or sink for atmospheric
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carbon (Ryan ef al., 1994; Goulden et al., 1996, 1998; Law
et al., 1999, 2001; Granier et al., 2000; Valentini et al.,
2000; Falge et al., 2002). Micrometeorological techni-
ques, however, do not allow for partitioning of the
underlying components, such as photosynthesis, car-
bon allocation, tissue respiration, and soil CO, evolu-
tion (root respiration and Ryy) that together compose
ecosystem carbon cycling (Rayment and Jarvis, 1997).
Component studies provide a means for understanding
whole system behavior and to determine how forest
ecosystems respond to environmental change and
forest management activities.

Plantation forests, because of their relatively simple
structure, are useful for studying the relationships
between component respiration and ecosystem carbon
exchange. In addition, managed plantations are in-
creasingly becoming a significant part of the landscape
and our understanding of how species selection and
silvicultural treatments affect biological growth poten-
tial, carbon cycling, and sequestration is still relatively
poor. Gladstone and Ledig (1990) hypothesized that
plantation forests may sequester atmospheric carbon at
a higher rate and more efficiently than natural forests
and, thus, may be an effective strategy for partially
offsetting net carbon emissions to the atmosphere
(Vitousek, 1991; Kursten and Burschel, 1993; US DOE,
1999). Fast growing plantation forests may also be one
way to quickly turn highly degraded sites into carbon
sinks. For example, intensive management will likely
increase stand NEP largely by increasing net primary
productivity (NPP) (Johnsen et al., 2001).

Loblolly pine (Pinus taeda L.) is an important
commercial species in North America with over 18
million hectares of natural and planted forest from east
Texas and Oklahoma to Virginia (Schultz, 1997). These
forests are potentially some of the most productive
forests in the United States and thus will likely be
important on a regional and national scale for mitigat-
ing anthropogenic CO, emissions (Johnsen et al., 2001).
Many of these forests grow on sites with moderate to
poor soil fertility, which may limit their potential for C
sequestration. Because of its economic importance and
its plasticity with respect to forest management,
numerous studies have been conducted to discern
how climate, genetics, and resource availability affect
growth, ecology, and ecophysiology of loblolly pine
(Kinerson et al., 1974; Teskey et al., 1987; Vose and Allen
1988; Albaugh et al., 1998; Ellsworth 2000; Samuelson
et al., 2001, 2003; Will et al., 2001; Retzlaf et al., 2001, see
Schultz 1997). Fertilization of nutrient-deficient loblolly
pine plantations leads to increased stand leaf area and
stem biomass (Vose and Allen, 1988; Albaugh et al.,
1998), a shift in carbon allocation from belowground to
aboveground tissues (Albaugh et al., 1998; Retzlaf et al.,

2001) and an increase in production efficiency (biomass
or volume increment/leaf area) (Vose and Allen, 1988;
Albaugh et al., 1998; Jokela and Martin, 2000). On sites
of very low native nutrient supply, fertilization in-
creases photosynthetic rates (Murthy et al., 1996; Zhang
et al., 1997; Maier et al., 2002), although these effects are
minor (or ephemeral) relative to large increases in leaf
area. Interestingly, predicted increases in growth of
loblolly pine forest from elevated CO, (DeLucia et al.,
1999) will likely be tempered by low native nutrient
supply (Groninger et al., 1999; Oren et al., 2001). While
fertilization clearly increases aboveground productivity
(Allen et al., 2001), less is known about how altering
resource availability changes stand carbon dynamics.
Improved nutrition increases specific respiration rates
of perennial woody tissue (Maier et al., 1998, Maier,
2001), but generally has no effect on specific respiration
of foliage or fine roots (Maier, 2000). Application of
fertilizer in established loblolly pine plantations ap-
pears to suppress soil CO, evolution (Maier and Kress,
2000; Butnor et al., 2003); however, the mechanisms
involved are unclear. A system-level analysis of all
system components is required to ascertain the effects
of site fertility, management and climate on carbon
sequestration in intensively managed loblolly pine
forests.

In this paper, we develop annual carbon budgets for
mid-rotation (12 years old) loblolly pine stands using
measurements of growth and empirically derived
functions of tissue-specific respiration and soil CO,
evolution (Maier et al., 1998; Maier, 2000; Maier and
Kress, 2000; Maier, 2001). The objectives were to (1)
determine how resource availability and tissue nutrient
status alter the components of autotrophic and ecosys-
tem respiration, (2) scale tissue level respiration and
growth to estimate annual gross primary productivity
(GPP) and net ecosystem productivity (NEP), and (3)
determine if resource availability alters the ratio of
NPP/GPP (carbon use efficiency; CUE).

Materials and methods

Site description

The study site is a loblolly pine plantation located
at the Southeast Tree Research and Education Site
(SETRES), 17 km north of Laurinburg, NC (34°54'20"N,
79°29'0.3"W). Site elevation is 13.7m and the topogra-
phy is flat. The soils are a sandy, silicious, thermic
psammentic hapludult (Wakulla series, USDA Soil
Classification System) and are typically nutrient poor
and well drained. Available soil moisture at field
capacity is 18-20cm in top 2m profile (=9%). The
climate is mild with mean annual, summer, and winter
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air temperatures of 17 °C, 26 °C, and 9 °C, respectively.
Long-term mean annual rainfall is 1210mm, evenly
distributed throughout the year. The stand consists of a
mix of 10 improved North Carolina Piedmont loblolly
pine families planted in 1985 after the harvest of the
previous natural longleaf pine (Pinus palustris Mill.)
stand. Seedlings were planted at 2.65 x 3 m spacing at a
density of 1260 trees per hectare.

Experimental design

In 1992, at the beginning of the eighth growing season,
a 2 x 2 factorial study using a combination of nutrition
(no addition and optimum nutrition) and water (no
addition and well watered) was begun. Treatments
were control (C), irrigated (D), fertilized (F) and irrigated
and fertilized (IF) replicated four times. Treatment plots
were 50 x 50 m (0.25 ha) with interior sampling plots of
30 x 30m. Treatment objectives were to maintain
foliage in fertilized treatments at optimum nutrition
and soil in the irrigated treatments at a minimum of
40% of available soil moisture in the top 50 cm profile
( = 3.5%). The nutrition treatment began in the spring
1992 and irrigation began in spring 1993. Irrigation was
suspended during the dormant season (late November—
February). To achieve optimum nutrition, fertilizer was
applied annually to maintain foliar nitrogen concentra-
tions ([N]) near 1.3% with other macro- and micro-

nutrients in balance; control foliar [N] was about 0.9%
(Murthy et al., 1996; Albaugh et al., 1998). Albaugh et al.
(1998) provides a detailed description of treatment
application, monitoring and efficacy. All non-pine
vegetation was eliminated using a combination of
chemical (glyphospate) and mechanical methods. The
forest floor was primarily pine litter.

Stand characteristics

Through December 1996, fertilized treatments received
a total of 586 kg N, 145kg P, 337 kg K, 168kg Ca, 146 kg
Mg, 209kg S, and 3.9kg B per hectare (Albaugh et al.,
1998, 2003). At this time, height, diameter, basal area,
and leaf area were all significantly greater in the
fertilized plots (Table 1). Fertilized treatments (F and
IF) had nearly twice the standing biomass carbon in
foliage, stem, branch, taproot, and coarse lateral root
pools than did non-fertilized treatments (C and D).
There was no significant treatment difference in fine
root biomass. In all treatments, stem tissue was the
largest single reservoir for carbon containing about 45%
of the standing carbon biomass while fine roots was less
than 6% of total stand carbon. Aboveground (73%) and
belowground (27%) carbon distribution was similar
between treatments. Fertilization caused a shift in the
relative carbon distribution among belowground com-
ponents. Fine root biomass comprised 20-23% of

Table 1 Stand characteristics and carbon content in standing biomass in 1996 for 12-year-old loblolly pine plantations at SETRES

Treatment Control Irrigated Fertilized Irr + fert SE
DBH (cm) 10.92 11.39 14.23 14.97 0.16
Height (m) 6.68 7.18 8.45 8.94 0.08
Density (stems ha ™) 1156 1189 1200 1144 44
Basal area (m*ha ") 11.6 12.8 20.3 21.5 0.30
Litterfall (MgCha™") 1.1 14 24 2.7
Leaf area index
January 0.98 1.08 1.90 2.15
August 1.36 1.57 2.68 3.06
Component (Mg C ha )
Foliage 1.53 1.90 3.01 3.59 0.15
Branches 2.71 3.12 5.44 6.19 0.35
Stems 7.28 8.42 13.25 14.97 0.75
Taproot 2.10 2.31 5.18 5.6 0.23
Coarse root* 1.22 1.49 2.33 1.95 0.08
Fine root* 0.84 1.13 0.97 0.96 0.7
Total aboveground 11.52 13.44 21.7 24.75
Total belowground 4.16 493 8.48 8.51
Total 15.68 18.37 30.18 33.26

All values are for December except for leaf area index (projected), which is for January and August. SE is the combined standard

error.

*Fine and coarse root carbon biomass values are for the top 200 cm of soil. The coarse root pools are lateral coarse roots excluding

the taproot.
SETRES, Southeast Tree Research and Education Site.
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belowground biomass in the C and I treatments
compared to 11% in the F and IF treatments, while
biomass in taproots increased from 47% to 50% in C
and I treatments to greater than 60% in F and IF
treatments.

Stand carbon budget

Annual carbon budgets were developed for the 12-year-
old stands in 1996 using a component analysis method
similar to that described by Ryan (1991). This approach
relies on scaling-up of measurements made on samples
of different tissues to estimate whole tree or stand
carbon use (Agren et al., 1980; Linder and Troeng, 1981;
Linder and Axelsson, 1982; Ryan et al., 1996; Ryan et al.,
1997). In our study, daily carbon use in growth and
respiration were calculated for each tissue component
and then summed to estimate stand :

GPP =Y (NPP;+Rr), (1)

where NPP and Rrare net primary production and total
respiration (growth and maintenance), respectively for
tissue component i (foliage, branches, stems, fine roots,
coarse lateral roots, and taproots). Component biomass
was estimated for each measurement plot with treat-
ment-specific allometric equations based on tree stem
dimensional measurements. Albaugh et al. (1998)
describe the destructive sampling procedures and
development of allometric equations. Annual NPP for
branch, stem, taproot, and coarse lateral root compo-
nents was estimated as the difference between initial
and final biomass. Annual NPP for foliage was the total
foliage biomass for the 1996 cohort. Biomass on any
particular day was the sum of initial biomass plus the
estimated growth through that date. Daily foliage
biomass was estimated from annual production and
seasonal changes in relative foliage elongation and
abscission. Fine (< 2mm) and coarse lateral root live

monthly cores 15cm diameter and 15cm depth (4-5
per plot) (Maier and Kress, 2000). Fine and coarse
lateral root biomass was scaled to a 200 cm depth using
treatment-specific scalars (Maier and Kress, 2000). Fine
root production was estimated using the Fairly and
Alexander (1985) decision matrix. Carbon mass was
assumed to be 50% of biomass.

Respiratory carbon use was based on the functional
model of respiration (McCree, 1970; Amthor 1989, 2000)
where respiration is partitioned into a growth and
maintenance component:

Rr=r,(dW/dt)+r, W, (2)

where Rt is the total respiration, 7, is the growth
coefficient, dW/dt is the tissue growth measured as the
change in biomass with time, r,, is the maintenance
coefficient, and W is the tissue biomass. Growth
respiration (Rg) is the product rg*(dW/d¢t) and main-
tenance respiration (Ryy) is the product ry,+W. The
above equations were applied to each tissue component
using specific tissue response functions and biomass
measurements. Daily estimates for each tissue were
summed to obtain annual respiration.

Maintenance respiration is strongly affected by
temperature and in some cases by the nutritional status
of the tissue (Maier et al., 1998). There were significant
tissue differences in wintertime specific respiration
rates at SETRES (Table 2). Foliage had the highest rates
followed by fine roots (<2mm), branches, coarse
lateral roots, and stems (Maier, 2000). Fine root
respiration rates were 5-10 times greater than stem
respiration rates. Specific respiration rates of branches,
stems, and coarse roots were significantly greater in the
fertilized than in the non-fertilized treatments. In
contrast, fertilization had no effect on specific respira-
tion rates of foliage or fine roots. Since Ry, is strongly
temperature dependent, the maintenance term was
calculated by

. _ k(T—T,
and dead biomass (>2mm) was measured from Ryii=WiRge" ™), 3)
Table 2 Typical wintertime Ry rates at 20 °C for loblolly pine tissues at SETRES
Treatment Foliage Branch Stem Coarse roots Fine roots
Control 3.75 0.18 0.09 0.84 221
(0.30) 0.01) 0.01) (0.11) 0.12)
Irrigated NA 0.21 0.12 NA NA
(0.01) 0.01)
Fertilized 3.75 0.23 0.18 1.34 1.65
(0.23) (0.02) (0.03) (0.18) (0.23)
Irr + fert NA 0.27 0.18 NA NA
0.02) 0.01)

1.1

All values are umol CO, kg™ s . Numbers in parentheses are treatment standard errors.
NA, not available; SETRES, Southeast Tree Research and Education Site.
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where Ry, is the maintenance respiration for each tissue
component i, Rg is the mean tissue maintenance
respiration at a base temperature (e.g. 0°C or 20°C),
W, is the stand tissue biomass or nitrogen content
([N]1+biomass; Barnes and Hole, 1978; Maier et al., 1998;
Amthor, 2000; Maier, 2000, 2001), k is the tissue-specific
temperature coefficient for response to temperature, T
is the average daily tissue temperature, and Tp is the
base temperature. Parameter estimates for Eqn (3) are
given in Appendix 1. Branch and taproot Ry; were
calculated using stem tissue parameters and appro-
priate tissue temperature and nitrogen values. Tissue
Rg was calculated as a fixed proportion of daily
biomass production assuming a construction cost of
0.24 for stems (Maier, 2001, Appendix 1), branches and
taproot, and 0.25 for foliage, fine and coarse lateral
roots (Amthor, 1989).

Air, soil (5cm depth), stem, and branch temperature
were continuously measured as part of the site
environmental monitoring. Foliage and root tempera-
ture were assumed to equal air and soil temperature,
respectively. Daily tissue [N] for branches, stems, and
coarse lateral roots were estimated by linear interpola-
tion between monthly measurements. Because of large
diurnal changes in air and aboveground woody tissue
temperature, foliage, branch, and stem Ry were
calculated on an hourly basis and then summed for a
daily rate. Daily taproot, coarse, and fine root Ry; was
calculated from average daily soil temperature. Foliar
Ry during the day was assumed to be 0.6 times night
respiration rate (Kirschbaum and Farquhar, 1984).

Ecosystem respiration (Rg) represents the total carbon
loss from the system and includes heterotrophic
respiration (Ry). Because Ry is difficult to measure,
we estimated Rg by

Rg=Ra ag+5t1, (4)

where Rj .¢ is aboveground autotrophic respiration,
the sum of foliage, branch and stem respiration, and S
is soil surface CO, efflux which includes root respira-
tion and Ry from surface litter, soil necromass, and
mineral soil. Soil CO, evolution rates were estimated
from daily average soil temperature (5cm) and soil
moisture using

Sff: (m*es*Rmax)/((m * 95)+Rmax)*QT/w7 (5)

where 0, is volumetric soil water content, T is soil
temperature, m is the rate of change in Sg with 05, Riax
is maximum Sg when 0s =100%, and Q is the rate of
change in Sg with a 10°C change in soil temperature
(Maier and Kress, 2000). Parameter estimates for Eqn
(5) are given in Appendix 1. Daily soil moisture was
estimated by linear interpolation between measured
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Fig. 1 Seasonal variation in (a) daily mean air and soil (5cm)
temperature and (b) mean treatment volumetric soil moisture in
the top 50 cm in 1996 at SETRES.

values (Fig. 1b). Net ecosystem productivity (NEP) is
the total carbon flux into or out of the stand:

NEP = GPP — Rg. (6)

In Eqn (6), a negative NEP would indicate a net loss
of carbon from the system.

Statistical analysis

Individual plot estimates of NPP, R, GPP, Sg, Rg, and
NEP were generated from plot specific measures of
biomass, tissue [N], temperature, and soil moisture.
Treatment effects of fertilization, irrigation, and fertili-
zation plus irrigation were determined using a rando-
mized complete block analysis of variance (SAS
Institute Inc. 1988). Main or interactive effects of
treatments were considered significant at o =0.05.
Tukey’s studentized range test at « = 0.05 was used to
separate treatment means.

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1335-1350
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Results

Environmental conditions

Average daily air temperatures ranged from below
freezing during the winter to around 30°C in the
summer months. Long periods below freezing were
rare. Soil temperatures at 5cm were less variable than
air temperature and were never below 0°C (Fig. 1a).
Soil temperature was similar between treatments,
although, during the summer months, soil temperature
in the fertilized treatments could be 2—4 °C cooler than
non-fertilized treatments (data not shown). Total rain-
fall was 100 cm. Irrigated plots received an additional
40 cm from irrigation during the growing season (days
100-250). Volumetric water content in the irrigated
plots remained above 3% during this time (Fig. 1b). In
contrast, 0 was below 2.5% in the non-irrigated stands
for parts of April, May and from mid-June through
most of July (days 160-200). Significant rainfall in early
August increased 0 to above 5% in all treatments; 0
remained at or above 3% for the remainder of the year.

Component NPP

Irrigation and fertilization resulted in a significant
increase in total NPP (Table 3). On an annual basis,
total NPP was 5.6, 6.8, 10.3, and 11.2 Mg C ha~?,
respectively, in the C, I, F, and IF treatments (Table 4).
Compared to C treatments, I treatment increased NPP
by 22% while F treatment increased NPP by 86%. The
combined IF treatment was additive (no interaction)
increasing NPP by 102%. In C and I treatments, 64-67%
of NPP was allocated aboveground compared to 69%
and 75%, respectively, in F and IF treatments. Fertiliza-
tion resulted in a relative decrease in carbon allocation
to fine roots and an increase in allocation to foliage
stems and taproots. Fine root NPP was 27% of total
NPP in C treatments compared to only 13% of NPP in
IF treatments.

Ra

Treatment differences in biomass and NPP were gen-
erally reflected in stand R,. Because of increased biomass

and NPPD, fertilized stands had 84% more R, (Tables 3
and 4) than non-fertilized stands. Total foliage respiration
(Rt =Rm + Rg) used 34-38% of stand Rp (Fig. 2) in all
treatments and was the single largest component of the
autotrophic carbon budget. Fine root Rt was the second
largest component of stand R, in the C and I treatments
followed by a similar contribution from stem, branch,
and coarse lateral root respiration. In contrast, both stem
and branch Rt equaled or exceeded fine root Rrin the F
and IF treatments. In addition, carbon use in coarse
lateral roots and taproots were proportionally higher in
the fertilized treatments. Taproot Rt was the smallest
component of stand R, in all treatments.

The relative importance of component respiration
varied seasonally. Foliage Rt was always the largest
respiratory component (Fig. 3) accounting for 30-55% of
stand Ra (Fig. 4). The relative magnitude of foliage Rr
decreased in mid-spring and again in early autumn
coinciding with increased stem Rt. During these periods,
aboveground woody tissue respiration (stem + branch)
exceeded foliage Ry and was the largest component of
aboveground respiration (Ra ag). Stem Rt was bimodal
peaking in the spring (DOY 90-125) and in the fall (DOY
280) (Fig. 3), reflecting changes in seasonal stem growth
rate and tissue [N] (data not shown). In C treatments,
fine root Rt accounted for 15-25% of stand R, and was
the second largest respiratory component except during
the spring when stem Ry was similar in magnitude. In
contrast, fine root Rt was always less than 15% of stand
R in the IF treatment (Figs 3 and 4).

Sff and RE

Fertilization alone had no effect on annual S¢ (Tables 3
and 4). However, there was a significant irrigation effect
and fertilization by irrigation treatment interaction
(Table 3). The increase of S attributed to irrigation
was greater in the non-fertilized plots than in the
fertilized plots. The effect of irrigation was limited to
the summer months. There were little treatment
differences in Sg during the fall, winter, and early
spring, but during the summer, higher soil moisture
significantly increased Sg in the irrigated treatments
(Fig. 5).

Table 3 Statistical summary (probability>F) of treatment effects on annual carbon use in net primary productivity (NPP),
autotrophic respiration (Rp), gross primary productivity (GPP), soil CO, evolution (Sg), ecosystem respiration (Rg) and net

ecosystem productivity (NEP)

Variable NPP Ra GPP Ses Rg NEP
Fertilizer <0.001 0.001 <0.001 0.651 <0.001 <0.001
Irrigation 0.024 0.221 0.095 <0.001 0.004 0.770
Fertilizer x irrigation 0.695 0.393 0.489 <0.001 0.257 0.570
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Table 4 Annual carbon budget in 1996 for 12-year-old loblolly pine plantations subjected to supplemental moisture and nutrient

treatments
Parameter Control Irrigated Fertilized Irr + fert SE
Foliage production 1.51 1.88 2.90 3.58

Rg 0.38 0.47 0.72 0.90

Rm 241 2.99 4.48 491
Branch production 0.56 0.71 1.05 1.23

Rg 0.13 0.17 0.25 0.29

Rm 0.86 0.94 1.88 1.99
Stem production 1.50 1.94 3.11 3.59

Rg 0.36 0.47 0.75 0.86

Rm 0.60 0.69 1.82 1.84
NPP,g 3.57 4.53 7.06 8.40

RG,ag 0.87 1.11 1.72 2.05

Ry, ag 3.87 4.62 8.18 8.74
Total Ra,ag 4.74 5.73 9.90 10.79
Fine root production 1.50 1.64 1.93 1.50

Rg 0.38 0.41 0.48 0.38

Rm 1.47 1.71 1.68 1.48
Coarse root production 0.15 0.22 0.37 0.31

Rg 0.04 0.06 0.09 0.08

Rm 0.68 0.82 1.99 1.61
Taproot production 0.34 0.41 0.96 1.03

Rg 0.08 0.10 0.23 0.25

Rm 0.18 0.21 0.81 0.81
NPPyg 1.99 2.27 3.26 2.84
RG,bg 0.50 0.57 0.80 0.71
R, b 2.33 2.74 4.48 3.90
Total Ra,bg 2.83 3.31 5.28 4.61
Total production (NPP) 5.56 6.80 10.32 11.24 0.40
Total Ra 7.57 9.04 15.18 15.40 0.66
GPP (NPP + Rp) 13.13 15.84 25.50 26.64 1.05
Soil CO, evolution (Sg) 8.11 10.38 9.26 9.38 0.15
Re(Sgs + Ra,ag) 12.85 16.11 19.16 20.17 0.55
NEP (GPP—Rg) 0.28 -0.27 6.34 6.47 0.55
CUE (NPP/GPP) 0.42 0.43 0.41 0.42

Carbon was partitioned into production (NPP), maintenance (Rys) and growth (Rg) respiration. All values are in MgCha™

1 1

yr

(except carbon use efficiency (CUE)). SE is the combined standard error.

On an annual basis, Rg (Ra 45 + Sg) ranged from 12.9
in C treatments to 20.2 Mg C ha !in IF treatments (Table
4). Soil CO, evolution accounted for the largest portion
of Rg in all treatments, however, the relative contribution
differed between treatments. In the C and I treatments,
Sg comprised about 64% of Rg with 22% and 15%
coming from foliage and aboveground woody tissue
(stem + branch), respectively. In the F and IF treat-
ments, Sy was roughly 48% of Rg and the balance
equally partitioned between foliage and woody tissue
(Fig. 6).

GPP and NEP

The annual carbon budget by tissue component for
each treatment is given in Table 4. Gross primary

productivity (GPP) the sum of total NPP and R, was
13.1 and 15.8 MgCheF1 yrf1 in the C and I treatments,
respectively, vs. 25.5 in F and 26.6MgCha 'yr ' in IF
treatments. The I, F, and IF treatments resulted in a 21%,
94%, and 103% increase in GPP, respectively, over the C
treatments. Autotrophic respiration consumed about
58% of GPP in all treatments. Maintenance respiration
ranged from 6.2 to 12.6 Mg C ha ' yr ' accounting for
about 82% of R and 47% of GPP.

Treatment differences in nutrient availability altered
carbon allocation patterns particularly between above-
and belowground tissues. In non-fertilized treatments,
about 36% of GPP was allocated belowground com-
pared to 33% and 28% for F and IF treatments,
respectively. This difference is the result of a shift in
NPP from below- to aboveground plant parts and due
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Fig. 2 Mean annual carbon flux from total respiration (Rr)
(maintenance plus growth respiration) by tissue component in
12-year-old loblolly pine plantations. Values were generated
using Eqns (2) and (3).

to an increase in stem and branch Ry in fertilized
treatments. Stem NPP and Rt was 19% of GPP in C
treatments compared to 24% of GPP in IF treatments,
while fine root NPP and Ry decreased from 26% of
GPP in C treatments to 13% in IF treatments. While
fertilization had a large impact on the magnitude of
NPP, Rs, GPP, and the relative allocation of carbon
to biomass components, there was no significant
treatment effect on stand CUE, which averaged 0.42
for all treatments.

Ecosystem respiration was roughly equal to GPP in
the C and I treatments. Thus, net ecosystem production
(NEP = GPP—Rg) was close to zero, indicating on an
annual basis, these stands were neither a net carbon
source nor sink for atmospheric carbon. In contrast,
GPP was much larger than Rg in F and IF treatments
indicating these stands were currently functioning as a
carbon sink sequestering approximately 6.4 MgChaf1
annually.

Discussion

Potential problems with component analysis

The greatest uncertainty in the component carbon
budget is the estimate of belowground carbon allocation
for root production and root maintenance and growth
respiration. While fine root biomass is a relatively small
portion of the standing mass, annual production and
turnover represents 14-25% of the forest carbon budget
(Landsberg and Gower, 1997). Unfortunately, estimating
fine root production is notoriously difficult and results
are heavily dependent on methodology (Hendricks et
al., 1993). For example, in our stands sequential coring
on a monthly time step showed that fine root biomass
and production were significantly lower in fertilized
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Fig. 3 Seasonal variation in daily total respiration (Ry) by tissue
component in (a) control and (b) irrigated and fertilized 12-year-
old loblolly pine plantations. Values were generated using Eqns
(2) and (3).

stands during the first 4 years of treatment (1992-1995)
(Albaugh et al., 1998). These results are consistent with
those found in other pine ecosystems (Gower et al., 1992,
1994; Haynes and Gower, 1995; Ryan et al., 1996) using a
similar sampling approach. However, periodic coring
may miss ephemeral roots if growth pulses exceed
sampling events (Nadelhoffer et al., 1985; Santantonio
and Grace, 1987) and underestimate fine root produc-
tion. King et al. (2002) measured fine root growth using
minirhizotrons in our stands in 1996 and found that
fertilization increased fine root production (=2108%),
suggesting that fine root production and turnover are
positively correlated with nutrient availability (Nadel-
hoffer et al., 1985, Nadelhoffer and Raich, 1992;
Hendricks et al., 1993).

Soil [CO,] may have a significant impact on fine root
Rm. We derived our equations of fine root Ry from
measurements made at ambient air [CO,] rather than
soil [CO,] (Maier, 2000). Several recent studies (Qi et al.,
1994; Clinton and Vose, 1999; McDowell et al., 1999)
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Fig. 5 Seasonal variation in the mean treatment soil CO,
evolution (Sg) in 1996. Values were estimated using Eqn (5).

found that high soil CO, concentration inhibits fine root
respiration rates. On the other hand, Burton and
Pregitzer (2002) found that measurement [CO,] had
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Fig. 6 Fraction of ecosystem respiration (Rg) generated from
soil and aboveground components.

little affect on in situ measurement of root respiration in
a number of tree species. In our study, if carbon
allocation to fine root respiration is reduced by 65% to
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account for soil [CO,] effects, then total belowground
carbon allocation is only 55% of the present values.

The mature tissue approach for partitioning respiration
into Ry and Rg assumes that these processes are
fundamentally independent with respect to carbon use
(Amthor, 1989, 2000). In forest trees, this view is likely
overly simplistic. Maintenance respiration of mature
foliage (Teskey et al., 1984, Brooks et al., 1991) and stems
(Sprugel, 1990; Lavigne and Ryan, 1997; Maier, 2001)
varies seasonally, spatially and with growth rate of the
tree. In addition, the mature tissue approach assumes
that wintertime measurements of respiration reflect Ry at
other times of the year and ignores short-term (seasonal)
temperature acclimation. We used a growth coefficient of
0.25 (Penning de Vries, 1975) to estimate fine root Rg.
This value probably reflects the growth coefficient for
woody tissues such as stem and taproots (Maier 2001);
however, it may grossly underestimate Rg for fine roots
that typically have much higher nutrient concentrations.
McDowell et al. (1999) estimated a construction coeffi-
cient for fine roots of 0.68 in western hemlock.

Seasonal and annual carbon budget

After 4 years of irrigation and 5 years of fertilization,
annual GPP in the irrigated and fertilized treatments
(26.6MgCha™') was twice that in the controls
(13.1MgCha ). These values are considerably lower
than that reported for a 16-year-old loblolly pine
plantation (41 MgChaF1 yrfl, Kinerson et al., 1977);
however, GPP in C treatments was close to that for a 23-
year-old Pinus elliottii Engelm. plantation in Florida
(11.0MgCha 'yr ', Cropper and Gholz, 1993). Auto-
trophic respiration consumed more than 58% of GPP
similar to that reported for other conifers (Ryan et al.,
1994, 1997; Law et al., 1999) and shows that autotrophic
respiration is one of the largest components of the forest
carbon budget. Foliage respiration was always the
largest single component of stand Rx. This is generally
the case in developing conifer forests (Ryan et al., 1994).
Fine root respiration was the second largest component
of stand R, in the non-fertilized treatments, however,
because of increased growth in fertilized treatments,
stem and branch Rt exceeded fine root Ry. Unlike in
other conifers (Cropper and Gholz, 1991; Ryan et al.,
1994, 1996), tissue nitrogen concentration had no effect
on foliage or fine root respiration (Maier 2000) perhaps
because the range in [N] in these stands was small.
Therefore, differences between treatments were due to
fertilization effects on biomass and accretion patterns.
On the other hand, stem, branch, and coarse root
respiration were correlated with tissue nitrogen (Maier
et al., 1998; Maier, 2000). The seasonal trend in stem Rt
was bimodal with peaks in the spring and late summer

that reflect increases in stem radial growth and changes
in tissue [N] (Maier, 2001). Combined stem and branch
Rr equaled or exceeded foliage respiration during the
spring and fall.

Fertilization, in general, appears to increase carbon
partitioning to perennial tissues (stem, branch, taproots,
and coarse roots) and decreases partitioning to ephem-
eral fine roots (Linder and Axelsson, 1982; Cannell,
1985; Ryan et al., 1996). This is a typical response for
loblolly pine (Albaugh et al., 1998; King et al., 1999;
Samuelson et al., 2000; Retzlaff et al., 2001). Partitioning
of GPP, which includes carbon use in respiration, is
similar. The relative carbon partitioning for production
and respiration for aboveground/belowground com-
ponents ranged from 63/37 in C treatments to 72/28 in
the IF treatments. Ryan et al. (1996) found similar
results for 20-year-old P. radiata plantations.

The relative belowground carbon allocation in this
study (28-36%) is in the range reported for other
coniferous forests. Ryan et al. (1996) estimated that
belowground carbon allocation was 42% and 22% of
GPP, respectively, in non-fertilized and fertilized Pinus
radiata D. Don plantations. In Pinus ponderosa Laws.,
Law et al. (1999) reported a much higher belowground
carbon partitioning (61%) in a multi-aged stand, and
Williams et al. (1997) reported that belowground carbon
allocation ranged between 21% and 51% for a number
of sites. These studies, however, estimate belowground
carbon allocation using a mass balance approach (Raich
and Nadelhoffer, 1989) where carbon allocated to
belowground to support root growth and respiration
is calculated as the difference between soil CO,
evolution and aboveground litterfall. This approach
assumes that litter input and root biomass stocks as
well as mineral soil carbon are temporally stable (i.e. 1
year). Giardina and Ryan (2002) modified the approach
to account for dynamic carbon pools that occur in
developing stands. Using their procedure, we esti-
mated an annual belowground carbon allocation of 8.5,
11.5, 9.9, and 9.8MgCheF1 for the C, I, F, and IF
treatments, respectively. These values are about twice
that estimated for non-fertilized treatments and 17-34%
higher than fertilized treatments (Table 4). Some of this
discrepancy may be due to our underestimating of fine
root production. Although, the ratio of Sg: litterfall, 7.4,
74, 39, and 35 for C, I, F and IF treatments,
respectively, falls within the range reported for a
number of young (<45 years old) forest ecosystems
(Davidson et al., 2002).

CUE

There was no treatment effect on stand CUE despite a
two-fold increase in NPP indicating that increased
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stand respiration with increased nutrient availability
is closely linked to higher growth rates (Ryan et al.,
1996). Our estimate of CUE (0.42) is similar to that
reported for a mixed-aged P. ponderosa forest (0.45, Law
et al, 1999), but lower than a 14-year-old P. taeda
plantation (0.50, Kinerson et al., 1977) and an 8-year-old
P. radiata plantation (0.54, Arneth et al., 1998). CUEs
are lower in boreal coniferous forests (0.34-0.36, Ryan
et al., 1997). Aboveground CUE (0.43) was also similar
to 20-year-old P. radiata stands (Ryan et al., 1996). The
fact that our estimates of CUE closely match that
reported for other forest gives confidence that the
respiration estimates and scaling techniques are reason-
ably accurate.

Waring et al. (1998) summarized the annual carbon
budgets for 12 stands across a range of forest types and
found that the ratio of NPP:GPP (i.e. CUE) averaged
0.47 (range 0.40-0.52) and hypothesized that NPP is a
constant fraction of GPP. The constancy of this ratio is a
simplifying assumption in the stand growth model 3-
PG (Landsberg and Waring, 1997). The idea that NPP is
a constant fraction of GPP is based on the assumption
that growth, photosynthesis, and respiration are tightly
linked (Amthor, 1989), and thus, a decrease or increase
in net assimilation due to a change in resource
availability will be followed by concomitant change in
respiration and tissue growth (Ryan et al., 1996).
However, because of the dynamic changes in stand
structure and tissue physiology a constant CUE over
the course of stand development may be an over
simplification (Medlyn et al., 1999; Mékeld and Valen-
tine, 2001). Net primary productivity typically declines
after canopy closure in even-aged stands (Gower ef al.,
1995). This decline has been attributed to: (1) an
increase in the ratio of respiring wood to foliage or (2)
a direct or indirect reduction in the specific rate of
photosynthesis from either nutritional limitations
(Murty et al., 1996) or increased stem hydraulic
resistance (Ryan and Waring, 1992; Hubbard et al.,
1999). A decrease in the specific rate of photosynthesis
would not necessarily lead to a decrease in CUE if
specific woody tissue respiration decreases with stand
age and sapwood mass (Lavigne et al., 1996; Lavigne
and Ryan, 1997). However, a constant CUE would not
occur if the ratio of respiration to photosynthesis
increases with stand age. An increase in respiration/
photosynthesis ratio was considered the prime factor
decreasing NPP (and CUE) in balsam fir (Hunt et al.,
1999) and Scots pine (Makela and Valentine, 2001). In
our stands, growth efficiency (biomass production/leaf
area) has not changed with stand age (8-16 years)
(Albaugh et al., 2003), thus, it is unlikely that CUE
has changed. Since intensively managed loblolly
pine plantations are grown in short rotations of 20-30

years, a constant CUE may not be an unreasonable
assumption for developing carbon inventories of these
systems.

Rg

Our estimates of annual soil CO, evolution (8.1-
10.4MgCha™ ') are similar to other mid-rotation lo-
blolly pine plantations (Andrews and Schlesinger, 2001;
Butnor et al., 2003). These rates accounted for 47-66% of
Rg. Soil CO; evolution is generally 50% or more of Rg in
temperate (Law et al., 1999; Xu et al., 2001) and boreal
conifer forests (Lavigne ef al., 1997) in North America
and Europe (Janssens ef al., 2001). Fertilization had no
effect on Sg, but irrigation increased Si compared to
non-irrigated treatments when soil water was low and
there was a strong treatment interaction. These effects
are likely mediated through heterotrophic metabolism,
since neither treatment had a significant effect on fine
root Ry; (Maier and Kress, 2000). We did not measure
Ry directly but estimated it as the difference between
soil CO, evolution and root respiration (Ry; = Sg—Ra bg,
Table 4). On an annual basis, Ry was higher in the C
5.3MgC ha Y and I (7.1 MgC ha~!) treatments than in
the F (4.0MgCha ') and IF (4.8 MgCha ') treatments.
Root respiration comprised roughly a third of Sg in
non-fertilized treatments, thus in these stands Ry was
the single largest component of Rg. In contrast, root
respiration in fertilized treatments was half of Sg and
Ra,ag was the most important component of Rg. The
effects of fertilization on Sg and heterotrophic metabo-
lism are unclear. Li (2000) found that the fertilization
had no impact on soil microbial biomass or population
diversity at SETRES. However, fertilization can cause a
decrease in mycorrhizal infection (Gardina and Ryan,
2002) and thus affect metabolism of belowground
carbon (Rygiewicz and Anderson, 1994). Butnor et al.,
(2003) found that recent fertilization with urea sup-
pressed Sg in 18-year-old loblolly forests. Understand-
ing heterotrophic carbon metabolism is important for
estimating ecosystem carbon use efficiency (CUEp).
CUEg can be defined as

CUEg = (NPP + ASc)/(GPP + Ryy),

where ASc is the change in mineral soil carbon content.
If Sc does not change over short periods (i.e. a year)
and since NPP/GPP is conservative, then CUEg was
greater in fertilized treatments (0.35) than in non-
fertilized treatments (0.30). This example illustrates
that Ry is an important component of the ecosystem
carbon and budget and may determine the long-term
potential for site carbon storage (Landsberg and Gower,
1997).
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NEP

Based on component analysis, non-fertilized treatments
after 12 years of stand development were neither a
source nor a sink for atmospheric CO,, while fertilized
treatments were clearly sequestering carbon
(64MgCha 'yr '). We should note that all competing
vegetation was eliminated on our study plots. An
understory of wiregrass (Aristida stricta) and woody
shrubs and trees is typical for these sites before crown
closure. While other vegetation will compete with the
pine for site resources and reduce pine productivity,
including carbon storage and flux from these compo-
nents would likely have made the non-fertilized stands
a net carbon sink. There are few studies with which to
compare component analysis of NEP. Lai et al. (2002)
used a combination of model simulations and field
measurements to estimate NEP in a non-fertilized and
fertilized 8-year-old loblolly pine plantation on a site
adjacent to ours (i.e. similar soils). While their stands
were younger, they were planted at a higher density
and had similar peak leaf area and aboveground woody
biomass to our stands. Their analysis showed that the
non-fertilized stand was functioning as weak source
of carbon to the atmosphere (—1.06 MgCha '), while
the fertilized stand was a slight sink (1.27MgCha ™).
Our estimate of NEP for the fertilized stands com-
pare favorably with eddy covariance measurements
for young managed pine plantations (5.4-6.5Mg
Cha~'yr' P taeds, Law et al, 2002; 50 and
72MgCha 'yr'' P radiata, Arneth et al. 1998;
74MgCha 'yr~' P. elliottii, Clark et al., 1999). How-
ever, eddy covariance may underestimate nighttime
respiration when atmospheric turbulence is low (Bal-
docchi et al., 1997; Lavigne et al., 1997; Janssens et al.,
2001).

Net ecosystem productivity should theoretically
reach a maximum near canopy closure when the
foliage/woody biomass ratio is highest (Gower et al.,
1994). The canopy in the fertilized stands was nearly
closed with a LAI of 3.5. Thus, NEP of 6-
7MgCha ' yr ! may represent the maximum for these
stands. In our stands, NEP was tightly linked to NPP
and increased carbon storage resulted mainly from an
increase in stem, taproot, and coarse root biomass. Four
years of fertilization slightly increased mineral soil
carbon content in the top 15cm (non-fertilized =
12.0 + 0.28 mg g '; fertilized = 13.7 + 0.42mgg ) (Ma-
ier and Kress 2000). However, rapid decomposition of
short-lived tissues (i.e. foliage and fine roots) contri-
butes very little carbon to the refractory soil humic
materials (Schlesinger 1990). High rates of soil CO,
evolution combined with frequent disturbance from
harvesting will likely limit significant accumulation of

mineral soil C in these systems (Richter et al., 1999).
Most belowground carbon accumulation during stand
development is the result of accretion of coarse woody
laterals and taproots (Richter et al., 1995). Additionally,
because dead woody laterals and taproots decompose
very slowly, long-term carbon storage over multiple
rotations is tied to the accumulation of belowground
coarse woody debris (Johnsen et al., 2001). Taproots and
large lateral roots can persist for 50 or more years after
harvest (Van Lear et al., 1995, Ludovici et al., 2002)
providing zones of enhanced fertility and soil moisture
that will impact stand productivity for many years (Van
Lear et al., 2000).

Conclusions

Manipulation of site resources had a significant impact
on stand NPP, GPP, Ry, Rg, and NEP. Autotrophic
respiration was greater than 50% of GPP in all
treatments of which, maintenance respiration was the
largest component (=282%). CUE was conservative
(0.42) therefore; the proportion of assimilated carbon
used for maintenance and construction respiration was
similar between treatments. Soil CO, evolution was the
largest component of Rg. Irrigation increased Sg most
likely though increased Ry. At age 12, NEP in non-
fertilized treatments was roughly zero indicating these
stands were still not a sink for atmospheric carbon. In
contrast, positive NEP (6.4 MgChef1 yr71) in the
fertilized stands shows that these stands were function-
ing as strong carbon sinks. We conclude that (1) on
nutrient poor soils, site carbon balance recovers very
slowly after disturbance (e.g. harvesting and site
preparation) and (2) increasing productivity through
management of site resources will likely result in an
overall increase in carbon sequestration in loblolly pine
plantations.

Acknowledgements

This work was funded in part by the Southern Global Change
Program and the Southern Research Station. This work
contributes to the Global Change and Terrestrial Ecosystems
(GCTE) core project of the International Geosphere-Biosphere
Programme (IGBP). We thank Drs Mike B. Lavigne, Sune Linder,
Lisa Samuelson, James Vose and Rod E. Will for presubmission
reviews.

References

Agren GI, Axelsson B, Flower-Ellis JGK et al. (1980) Annual
carbon budget for a young Scots pine. Ecological Bulletins, 32,
307-332.

Albaugh TJ, Allen HL, Dougherty PM et al. (1998) Leaf area and
above- and belowground growth responses of loblolly pine to
nutrient and water additions. Forest Science, 44, 1-12.

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1335-1350



STAND RESPIRATION AND CARBON STORAGE 1347

Albaugh TJ, Allen HL, Dougherty PM et al. (2004) Long term
growth responses of loblolly pine to optimal nutrient and
water resource availability. Forest Ecology and Management, 192,
3-19.

Allen HL (2001) Silvicultural treatments to enhance productivity.
In: The Forests Handbook. Volume II (eds Evans ]), pp. 129-139.
Blackwell Science Ltd, Oxford, UK.

Amthor JS (1989) Respiration and Crop Productivity. Springer-
Verlag, New York.

Amthor JS (2000) The McCree-de Wit-Penning de Vries—
Thornley respiration paradigms: 30 years later. Annals of
Botany, 86, 1-20.

Andrews JA, Schlesinger WH (2001) Soil CO, dynamics,
acidification, and chemical weathering in a temperate forest
with experimental CO, enrichment. Global Biogeochemical
Cycles, 15, 149-162.

Arneth A, Kelliher FM, McSeveny TM et al. (1998) Net ecosystem
productivity, net primary productivity and ecosystem carbon
sequestration in a Pinus radiata plantation subject to soil water
deficit. Tree Physiology, 18, 785-793.

Baldocchi DD, Valentini R, Running S ef al. (1996) Strategies for
measuring and modeling carbon dioxide and water vapour
fluxes over terrestrial ecosystems. Global Change Biology, 2,
159-168.

Baldocchi DD, Vogel CA, Hall B (1997) Seasonal variation of
carbon dioxide exchange rates above and below a boreal jack
pine forest. Agricultural and Forest Meteorology, 83, 147-170.

Barnes A, Hole CC (1978) A theoretical basis of growth and
maintenance respiration. Annals of Botany, 42, 1217-1221.

Brooks JR, Hinckley TM, Ford ED et al. (1991) Foliage dark
respiration in Abies amablis (Dougl). Forbes: variation within
the canopy. Tree Physiology, 9, 325-338.

Burton A], Pregitzer KS (2002) Measurement carbon dioxide
concentration does not affect root respiration of nine tree
species in the field. Tree Physiology, 22, 67-72.

Butnor JR, Oren R, Johnsen KH et al. (2003) Reduction of forest
floor respiration by fertilization on both carbon dioxide-
enriched and reference 17-year-old loblolly pine stands. Global
Change Biology, 9, 849-861.

Cannell MGR (1985) Dry matter partitioning in tree crops. In:
Attributes of Trees as Crop Plants (eds Cannell MGR, Jackson JE),
pp- 10-193. Institute of Terrestial Ecology,. Titus Wilson and
Sons, LTD, Kendal, Cumbria, Great Britain.

Cias P, Tans PP, Trolier M et al. (1995) A large northern
hemisphere terrestrial CO, sink indicated by “C/'C of
atmospheric CO,. Science, 269, 1098-1102.

Clark KL, Gholz HL, Moncrieff JB et al. (1999) Environmental
controls over net exchanges of carbon dioxide from contrast-
ing Florida ecosystems. Ecological Applications, 9, 936-948.

Clinton BD, Vose JM (1999) Fine root respiration in mature
eastern white pine (Pinus strobus L.) in situ: the importance of
CO; controlled environments. Tree Physiology, 19, 475-479.

Cropper WP, Gholz HL (1991) In situ needle and fine root
respiration in mature slash pine (Pinus elliottii) trees. Canadian
Journal of Forest Research, 21, 1589-1595.

Cropper WP, Gholz HL (1993) Simulation of the carbon
dynamics of a Florida slash pine plantation. Ecological
Modeling, 66, 231-249.

Curtis PS, Hanson PJ, Bolstad P et al. (2002) Biometric and eddy-
covariance based estimates of annual carbon storage in five
eastern North American deciduous forests. Agricultural and
Forest Meteorology, 113, 3-19.

Davidson EA, Savage K, Bolstad P et al. (2002) Belowground
carbon allocation in forests estimated from litterfall and IRGA-
based soil respiration measurements. Agricultural and Forest
Meteorology, 113, 39-51.

DeLucia EH, Hamilton JG, Naidu SL et al. (1999) Net primary
production of a forest ecosystem with experimental CO,
enrichment. Science, 284, 177-179.

Ellsworth DS (2000) Seasonal CO, assimilation and stomatal
limitations in a Pinus taeda canopy. Tree Physiology, 20, 435-445.

Fairley RI, Alexander IJ (1985) Methods of calculating fine root
production in forests. In: Ecological Interactions in Soil (ed.
Fitter AH), pp. 37-42. Special Publication No. 4, Blackwell
Scientific, Oxford, UK.

Falge E, Baldoochi D, Tenhunen ] ef al. (2002) Seasonality of
ecosystem respiration and gross primary production as
derived from FLUXNET measurements. Agricultural and Forest
Meteorology, 113, 53-74.

Giardina CP, Ryan MG (2002) Total belowground carbon
allocation in a fast growing Eucalyptus plantation estimated
using a carbon balance approach. Ecosystems, 5, 487-499.

Gladstone WT, Ledig FT (1990) Reducing pressure on natural
forest through high-yield forestry. Forest Ecology and Manage-
ment, 35, 69-75.

Goulden ML, Munger JW, Fan S-M et al. (1996) Exchange of
carbon dioxide by a deciduous forest: response to interannual
climate variability. Science, 271, 1576-578.

Goulden ML, Wofsy SC, Harden JW et al. (1998) Sensitivity of
boreal forest carbon balance to soil thaw. Science, 279, 214-217.

Gower ST, Vogt KA, Grier CC (1992) Carbon dynamics of Rocky
Mountain Douglas-fir: influence of water and nutrient avail-
ability. Ecological Monographs, 62, 43-65.

Gower ST, Gholz HL, Nakane K et al. (1994) Production and
allocation patterns of pine forests. Ecological Bulletins, 43,
115-135.

Gower ST, Isebrands ]G, Sheriff DW (1995) Carbon allocation
and accumulation in conifers. In: Resource Physiology of
Conifers: Acquisition, Allocation and Utilization (eds Smith WK,
Hinckley TH), pp. 217-254. Academic Press, San Diego.

Granier A, Ceschia E, Damesin C et al. (2000) The carbon balance
of a young Beech forest. Functional Ecology, 14, 312-325.

Groninger JW, Johnsen KH, Maier CA et al. (1999) Elevated carbon
dioxide in the atmosphere: what it might mean for loblolly
pine plantation management. Journal of Forestry, 97, 4-10.

Hanson PJ, Wullschleger SD, Bohlman SA et al. (1993) Seasonal
and topographic patterns of forest floor CO, efflux from an
upland oak forest. Tree Physiology, 13, 1-15.

Haynes BE, Gower ST (1995) Belowground carbon allocation in
unfertilized and fertilized red pine plantations in northern
Wisconsin. Tree Physiology, 15, 317-325.

Hendricks JJ, Nadelhoffer KJ, Aber JD (1993) Assessing the role
of fine roots in carbon and nutrient cycling. Trends in Ecology
and Evolution, 8, 174-178.

Houghton RA, Davidson EA, Woodwell GM (1998) Missing
sinks, feedbacks, and understanding the role of terrestrial

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1335-1350



1348 C. A. MAIER etal.

ecosystems in the global carbon balance. Global Biogeochemical
Cycles, 12, 25-34.

Hubbard RM, Bond BJ, Ryan MG (1999) Evidence that hydraulic
conductance limits photosynthesis in old Pinus ponderosa trees.
Tree Physiology, 19, 165-172.

Hunt ER, Lavigne MB, Franklin SE (1999) Factors controlling the
decline of net primary production with stand age for balsam
fir in Newfoundland assessed using an ecosystem simulation
model. Ecological Modeling, 122, 151-164.

Janssens 1A, Lankreijer H, Mattaucci G et al. (2001) Productivity
overshadows temperature in determining soil and ecosystem
respiration across European forests. Global Change Biology, 7,
269-278.

Johnsen KH, Wear D, Oren R et al. (2001) Meeting global policy
commitments: carbon sequestration and southern pine forests.
Journal of Forestry, 99, 14-21.

Jokela EJ, Martin TA (2000) Effects of ontogeny and soil nutrient
supply on production, allocation and leaf area efficiency in
loblolly and slash pine stands. Canadian Journal of Forest
Research, 30, 1511-1524.

Kinerson RS, Higginbotham KO, Chapman RC (1974) The
dynamics of foliage distribution within a forest canopy.
Journal of Applied Ecology, 11, 347-352.

Kinerson RS, Ralston CW, Wells CG (1977) Carbon cycling in a
loblolly pine plantation. Oecologia, 29, 1-10.

King JS, Albaugh TJ, Allen HL et al. (1999) Stand-level allometry
in Pinus taeda as affected by irrigation and fertilization. Tree
Physiology, 19, 769-778.

King JS, Albaugh TJ, Allen HL et al. (2002) Below-ground carbon
input to soil is controlled by nutrient availability and fine root
dynamics in loblolly pine. New Phytologist, 154, 389-398.

Kirschbaum MUE, Farquhar GD (1984) Temperature dependence
of whole-leaf photosynthesis in Eucalyptus pauciflora Sieb. Ex
Spreng. Australian Journal of Plant Physiologist, 11, 519-538.

Kursten E, Burschel P (1993) CO, mitigation by agro forestry.
Water, Air, and Soil Pollution, 70, 533-544.

Lai C-T, Katul G, Butnor ] (2002) Modeling the limits on
the response of net carbon exchange to fertilization in a
south-eastern pine forest. Plant, Cell, and Environment, 25,
1095-1119.

Landsberg JJ, Gower ST (1997) Applications of Physiological
Ecology to Forest Management. Academic Press, Inc, San Diego.

Landsberg J], Waring RH (1997) A generalized model of forest
productivity using simplified concepts of radiation use
efficiency, carbon balance and partitioning. Forest Ecology and
Management, 95, 209-228.

Lavigne MB, Franklin SE, Hunt ER Jr. (1996) Estimating stem
maintenance respiration rates of dissimilar balsam fir stands.
Tree Physiology, 16, 687-695.

Lavigne MB, Ryan MG (1997) Growth and maintenance
respiration rates of aspen, black spruce and jack pine stems
at northern and southern BOREAS sites. Tree Physiology, 17,
543-551.

Lavigne MB, Ryan MG, Anderson DE et al. (1997) Comparing
nocturnal eddy covariance measurements to estimates of
ecosystem respiration made by scaling chamber measure-
ments at six coniferous boreal sites. Journal of Geophysical
Research, 102, 28,977-28,985.

Law BE, Ryan MG, Anthoni PM (1999) Seasonal and annual
respiration of a ponderosa pine ecosystem. Global Change
Biology, 5, 169-182.

Law BE, Thornton PE, Irvine J et al. (2001) Carbon storage and
fluxes in ponderosa pine forests at different developmental
stages. Global Change Biology, 7, 755-777.

Law BE, Falge E, Gu L et al. (2002) Environmental controls over
carbon dioxide and water vapor exchange of terrestrial
vegetation. Agricultural and Forest Meteorology, 113, 97-120.

Li Q (2000) The effects of silvicultural treatments on soil microbial
biomass, functional diversity, and nitrogen availability. PhD dis-
sertation, North Carolina State University, Raleigh, NC, 124pp.

Linder S, Troeng E (1981) The seasonal variation in stem and coarse
root respiration of a 20-year-old Scots pine (Pinus sylvestris L.).
In: Radical Growth of Trees (ed. Tranquillini W), pp. 125-139.

Linder S, Axelsson B (1982) Changes in carbon uptake and
allocation patterns as a result of irrigation and fertilization in a
young Pinus sylvestris stand. In: Carbon Uptake and Allocation in
a Sub-alpine Ecosystem as a Key to Management (ed. Waring RH),
pp. 38—44. Forest Research Laboratory, Oregon State Uni-
versity, Corvallis, OR.

Ludovici KH, Zarnoch SJ, Richter DD (2002) Modeling in-situ
pine root decomposition using data from a 60-year chronose-
quence. Canadian Journal of Forest Research, 32, 1675-1684.

Maier CA (2000) Respiratory carbon use in loblolly pine plantations.
PhD dissertation, North Carolina State University, Raleigh,
NC, 102pp.

Maier CA (2001) Stem growth and respiration in loblolly pine
plantations differing in soil resource availability. Tree Physiol-
ogy, 21, 1183-1193.

Maier CA, Zarnoch S], Dougherty PM (1998) Effects of
temperature and tissue nitrogen on dormant season stem
and branch respiration maintenance respiration in a young
loblolly pine (Pinus taeda) plantation. Tree Physiology, 18, 11-20.

Maier CA, Kress LW (2000) Soil CO, evolution and root
respiration in 11 year-old loblolly pine (Pinus taeda L.)
plantations as affected by moisture and nutrient availability.
Canadian Journal of Forest Research, 30, 347-359.

Maier CA, Johnsen KH, Butnor J et al. (2002) Branch growth and
gas exchange in 13-year-old loblolly pine (Pinus taeda) trees in
response to elevated carbon dioxide concentration and
fertilization. Tree Physiology, 22, 1093-1106.

Maikeld A, Valentine HT (2001) The ratio of NPP to GPP:
evidence of change over the course of stand development. Tree
Physiology, 21, 1015-1030.

McCree KJ (1970) An equation for the rate of dark respiration of
white clover plants grown under controlled conditions. In:
Prediction and Measurement of Photosynthetic Productivity (ed.
Setlik I), pp. 221-229. Centre for Agricultural Publishing and
Documentation, Wageningen, The Netherlands.

McDowell NG, Marshall JD, Qi J et al. (1999) Direct inhibition of
maintenance respiration western hemlock roots exposed to
ambient soil carbon dioxide concentrations. Tree Physiology, 19,
599-605.

Medlyn BE, Dewar RC (1999) Comment on the article by RH
Waring, J.J. Landsberg and M. Williams relating net primary
productivity to gross primary productivity. Tree Physiology, 19,
137-138.

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1335-1350



STAND RESPIRATION AND CARBON STORAGE 1349

Murthy R, Dougherty PM, Zarnock SJ et al. (1996) Effects of
carbon dioxide, fertilization, and irrigation on photosynthetic
capacity of loblolly pine trees. Tree Physiology, 16, 537-546.

Murty D, McMurtrie RE, Ryan MG (1996) Declining forest
productivity in ageing forest stands: a modeling analysis of
alternative hypotheses. Tree Physiology, 16, 187-200.

Nadelhoffer KJ, Aber JD, Melillo JM (1985) Fine roots, net
primary production, and soil nitrogen availability: a new
hypothesis. Ecology, 66, 1377-1390.

Nadelhoffer KJ, Raich JW (1992) Fine root production estimates
and belowground carbon allocation in forest ecosystems.
Ecology, 73, 1139-1147.

Penning de Vries FWT (1975) Use of assimilates in higher plants.
In: Photosynthesis and Productivity in Different Environments (ed.
Cooper JD), pp. 459-480. Cambridge University Press, Cam-
bridge, UK.

Oren R, Ellsworth DS, Johnsen KH et al. (2001) Soil fertility limits
carbon sequestration by forest ecosystems in a CO,-enriched
atmosphere. Nature, 411, 469-472.

Qi ], Marshall JD, Mattsson KG (1994) High soil carbon dioxide
concentrations inhibit root respiration of Douglas fir. New
Phytologist, 128, 435-442.

Raich JW, Nadelhoffer KJ (1989) Belowground carbon allocation
in forest ecosystems: global trends. Ecology, 70, 1346-1354.
Rayment MB, Jarvis PG (1997) Seasonal variation in carbon
accumulation by a high latitude forest ecosystem. Phyton-

Annales REI Botanicae, 39, 165-173.

Retzlaff WA, Handest JA, O’'Malley DM et al. (2001) Whole-tree
biomass and carbon allocation of juvenile trees of loblolly pine
(Pinus taeda): influence of genetics and fertilization. Canadian
Journal of Forest Research, 31, 960-970.

Richter DD, Markewitz D, Wells CG et al. (1995) Carbon cycling
in a loblolly pine forest: implications for the missing carbon
sink and for the concept of soil. In: Carbon Form and Functions
in Forest Soils (eds Kelly JM, McFee WW), pp. 233-251. Soil
Science Society of America, Madison, WL

Richter DD, Markewitz D, Trumbore SE et al. (1999) Rapid
accumulation and turnover of soil carbon in a reestablishing
forest. Nature, 400, 56-58.

Ryan MG (1991) A simple method for estimating gross carbon
budgets for vegetation in forest ecosystems. Tree Physiology, 9,
255-266.

Ryan MG, Waring RH (1992) Maintenance respiration and stand
development in a subalpine lodgepole pine forest. Ecology, 73,
2100-2108.

Ryan MG, Linder S, Vose JM et al. (1994) Dark respiration in
pines. Ecological Bulletins, 43, 50-63.

Ryan MG, Hubbard RM, Pongracic D et al. (1996) Foliage, fine
root, woody tissue and stand respiration in Pinus radiata in
relation to nitrogen status. Tree Physiology, 16, 333-343.

Ryan MG, Lavigne MB, Gower ST (1997) Annual carbon cost of
autotrophic respiration in boreal forest ecosystems in relation
to species and climate. Journal of Geophysical Research, 102,
28,871-28,883.

Rygiewicz PT, Anderson CP (1994) Mycorrhizae alter quality and
quantity of carbon allocation below ground. Nature, 369, 58—60.

Samuelson L, Stokes T, Cooksey T et al. (2001) Produc-
tion efficiency of loblolly pine and sweetgum in response to

four years of intensive management. Tree Physiology, 21,
369-376.

Samuelson L, Johnsen KH, Stokes T (2004) Production, allocation
and stemwood growth efficiency of Pinus taeda L. stands in
response to six years of intensive management. Forest Ecology
and Management, 192, 59-70.

Santantonio D, Grace JC (1987) Estimating fine root production
and turnover from biomass and decomposition data: a
compartment flow model. Canadian Journal of Forest Research,
17, 900-908.

SAS Institute, Inc. (1988) SAS/STAT User’s Guide, Release 6.03 ed.
SAS Institute, Inc., Cary, NC.

Schimel DS (1995) Terrestrial ecosystems and the carbon cycle.
Global Change Biology, 1, 77-91.

Schlesinger WH (1990) Evidence from chronosequence studies
for low carbon-storage potential of soils. Nature, 348, 232-234.

Schultz RP (1997) Loblolly Pine: The Ecology and Culture of Loblolly
Pine (Pinus taeda L.). Agriculture Handbook 713, Forest
Service, USDA, Washington, DC.

Sprugel DG (1990) Components of woody-tissue respiration in
young Abies amabilis (Dougl.). Forbes. Trees, 4, 88-98.

Tan PP, White JCW (1998) The global carbon cycle balance, with
a little help from the plants. Science, 281, 183-184.

Teskey RO, Bongarten BC, Cregg BM et al. (1987) Physiology and
genetic of tree growth response to moisture and temperature
stress: an examination of the characteristics of loblolly pine
(Pinus taeda L.). Tree Physiology, 3, 412—461.

Teskey RO, Grier CC, Hinckley TM (1984) Change in photo-
synthesis and water relations with age and season in Abies
amabilis. Canadian Journal of Forest Research, 14, 77-84.

US Department of Energy, Office of Science, Office of Fossil
Energy (1999) Carbon sequestration research and development.
Available from: National Technical Information Service, Spring-
field, VA, USA or www.ornl.gov/carbon_sequestration/.

Valentini R, Matteucci G, Dolman A]J et al. (2000) Respiration as
the main determinant of carbon balance in European forests.
Nature, 404, 861-865.

Van Lear DH, Kapeluck PR, Parker MM (1995) Distribution of
carbon in a Piedmont soil as affected by loblolly pine
management. In: Carbon Forms and Functions in Forest Soils
(eds McFee WW, Kelly JM), pp. 489-502. Soils Science Society
of America, Madison, WI.

VanLear DH, Kapeluck PR, Carroll WD (2000) Productivity of
loblolly pine as affected by decomposing root systems. Forest
Ecology and Management, 138, 435-443.

Vitousek PM (1991) Can planted forest counteract increasing
atmospheric carbon dioxide? Journal of Environmental Quality,
20, 348-354.

Vose JM, Allen HL (1988) Leaf area, stem wood growth, and
nutrition relationships in loblolly pine. Forest Science, 34,
547-563.

Waring RH, Landsberg JJ, Williams M (1998) Net primary
production of forests: a constant fraction of gross primary
production? Tree Physiology, 18, 129-134.

Will RE, Barron GE, Burkes EC ef al. (2001) Relationship between
intercepted radiation, net photosynthesis, respiration, and rate
of stem volume growth of Pinus taeda and Pinus elliottii stands of
different densities. Forest Ecology and Management, 154, 155-163.

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1335-1350



1350 C. A. MAIER etal.

Williams M, Rastetter EB, Fernandes DN et al. (1997) Predicting
gross primary productivity in terrestrial ecosystems. Ecological
Applications, 7, 882-894.

Wofsy SC, Goulden ML, Munger JW et al. (1993) Net exchange of
CO, in a mid-latitude forest. Science, 260, 1314-1317.

Xu M, DeBiase T, Qi Y et al. (2001) Ecosystem respiration in a
young Ponderosa pine plantation in the Sierra Nevada
Mountains, California. Tree Physiology, 21, 309-318.

Zhang S, Hennessey TC, Heineman RA (1997) Acclimation of
loblolly pine (Pinus taeda) foliage to light intensity as related to
leaf nitrogen availability. Canadian Journal of Forest Research, 27,
1032-1040.

Appendix 1. Equations for predicting component
mainteance respiration (Ry), growth respiration (Rg)
and soil CO, evolution (Sg).

Woody tissue

Woody tissue maintenance (Ry;) and growth (Rg)
respiration were estimated from monthly measure-
ments of tissue CO, efflux (Maier, 2000; 2001; Maier
et al., 1998). The mature tissue method (Amthor 1989,
2000) was used to partition measured CO, efflux into
Rm and Rg components. This approach assumes that
respiration during the dormant season (December—
February), when growth is minimal, represents primar-
ily Ry Tissue Ry was calculated as a function of tissue
temperature and nitrogen content using the following;:

TRMmi = (bo + bl*V\/i)*ek*T,

where Ry;; = pmol CO,s7 !, W; = component nitrogen
content (moles), T = °C, 7 is a scaling factor.

Stem, branch and taproot: by =—0.000109; b; = 0.590;

k =0.069.
Coarse root: bo = 0.001333; b; = 0.994;
k=0.067.

During the growing season, Rg was estimated as the
difference between the measured respiration rate and
estimated Ry;. The growth coefficient (r;) was calcu-

lated as the slope of the relationship between Rg and
stem growth (Maier, 2001).

Fine roots and foliage

Fine root and foliage Ry were estimated using an
approach similar to that used for woody tissue. Fine
root Ry was measured on excavated fine roots during
dormant season (Maier 2000). For foliage, respiration
measurements were made on fully expanded needles
four times during the year (Maier, 2000). Tissue Ry; was
calculated as a function of tissue temperature and
carbon mass using the following;:

TRMmi = bO*W,-*ek*T,

where Ry = pmol CO, sTL W= component carbon
mass (kg), T= °C, 7 is a scaling factor.

Fine roots: by = 0.3750; k = 0.070.
Foliage
(Nov-Jan) by = 0.0630; k = 0.072.
(Feb-Apr) bo = 0.1026; k = 0.069.
(May-Jul) by =0.1237; k = 0.045.
(Aug—Oct) bo = 0.0550; k = 0.065.

Soil CO;, evolution

Seasonal patterns of soil CO, evolution (Sg) were
estimated from monthly measurements of soil CO,
evolution, soil temperature, and moisture (Maier and
Kress, 2000). The seasonal pattern of S¢ was modeled
using an equation adapted from Hanson et al. (1993):

1S5 = (M*02R max) / (1705) + Rinan))*Q"/1°

where  Sg=pmolCO, m 257!, 0= volumetric soil
water; Q = rate change in Sg with 10 °C increase in soil
temperature; Ryax is maximum Sg, 7 is a scaling factor.

Control: m = 0.187; Rpax = 1.289; Q19 =2.37.
Irrigated: m = 0.307; Rpax = 1.195; Q19 = 2.25.
Fertilized: m = 0.278; Rpax = 1.088; Q19 = 2.40.
Irr + fert: m = 0.197; Rpax = 2.268; Q19 =2.19.
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